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Abstract: Blockage in reservoirs caused by asphaltene deposits and inorganic interactions is a serious 
problem that may exacerbate the complexity of displacement characteristics in heterogeneous 
multilayer sandstone reservoirs and affect crude oil recovery performance during CO2 and CO2-WAG 
flooding. In this study, experiments of both CO2 and CO2-WAG flooding were carried out on the same 
multilayer systems under miscible conditions (70℃, 18 MPa). The two flooding methods were 
evaluated for oil production performance and reservoir damage. The experimental results indicate that, 
after CO2 flooding, the entire system has a low oil recovery factor (RF) of 27.6%, and oil is produced 
mainly from the high permeability layer (91.4%), whilst the residual oil remains predominantly in the 
medium and low permeability layers. The injection pressure of CO2-WAG flooding is high, but the 
timing of CO2 breakthrough (BT) is late, and the oil RF of the entire system reaches 44.5%. The 
contribution rate of oil production in medium and low permeability layers is improved to 3.8% and 
17.1%, respectively. Furthermore, the permeability of the high permeability layer decreases by 16.8% 
after CO2 flooding, which is mainly due to asphaltene precipitation. However, after CO2-WAG flooding, 
the permeability of each layer is significantly reduced, namely by 29.4%, 16.8% and 6.9% respectively. 
Asphaltene precipitation is still the main factor, but permeability decline caused by CO2-brine-rock 
interactions cannot be ignored, especially in the high permeability layer (6.1%). Therefore, for 
multilayer reservoirs with high heterogeneity, CO2-WAG flooding provides the better oil displacement 
performance, but prevention and control measures for asphaltene precipitation are more necessary. 
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The injection of CO2 into reservoirs is a reliable form of enhanced oil recovery (EOR) [1-4]. Oil viscosity 
reduction as a result of CO2 dissolution can improve the fluidity of crude oil effectively and increase oil 
displacement efficiency, while the effects of interfacial tension (IFT) reduction, light-hydrocarbon 
extraction, and oil-swelling also contribute to enhanced oil recovery [5-8]. Moreover, above the minimum 
miscible pressure (MMP), CO2 and oil can mix together in any proportion and create a single phase. 
Consequently, oil recovery factor (RF) is further improved by eliminating or reducing IFT through 
multiple contacts of CO2 and oil in reservoirs [9-12]. 
  Flooding with both CO2 and CO2-WAG are common EOR strategies which have been widely 
used in a significant number of oilfields [13-15]. Each flooding scheme has individual characteristics in 
terms of displacement effect, injection difficulty, and impact on the reservoir’s physical properties [16-
19]. Since CO2 has a lower viscosity and density at reservoir conditions, the pressure required for CO2 
injection during CO2 flooding is small. However, the lower density of CO2 promotes viscous fingering 
and gravity segregation which leads to early CO2 breakthrough (BT), low CO2 utilization efficiency and 
low oil RFs [20-21].  This is especially the case when the actual oil-bearing reservoir consists of a series 
of thin layers with different permeabilities separated by restraining barriers. In this case, CO2 
breakthrough  occurs prematurely in high permeability layers due to the smaller resistive capillary force, 
and resulting in a large amount of crude oil remaining in the layers with lower permeability [22]. Flooding 
with a CO2-WAG scheme can enlarge sweep volume of injected fluid to improve the effective amount 
of injected CO2, reducing the impact of heterogeneity between layers. However, the combination of 
high injection pressures and the complex operation of switching between CO2 injection and water 
injection increases the cost of injection, which is a disadvantage of CO2-WAG flooding in low 
permeability and tight reservoirs [18-19]. 
In addition, when CO2 is in contact with fluids and rocks in reservoirs during the injection process, 
the processes of organic (i.e., asphaltene) and inorganic (i.e., metal carbonate) precipitation are 
triggered [23-24]. When the pressure reaches a certain value in the CO2 injection process, changes in 
composition of the crude oil due to the dissolved CO2 lead to asphaltene precipitation. The asphaltene 
solid particles are captured or adsorbed on the pores’ walls, resulting in blocked pores and pore throats 
[25-28]. Moreover, variations of ion concentration and the pH of the brine caused by CO2–brine–rock 
interactions lead to precipitation of metal carbonates. In addition, the dissolution of clay minerals leads 
to the release of clay particles. Both of these inorganic processes can also cause pore throats to be 
blocked [29-31]. The above mentioned precipitation and blockage, especially for rocks with low 
permeability, which have smaller pore-throat structure, cause greater damage to the reservoirs, usually 
resulting in a decrease of permeability, affecting the flow of fluid in the reservoir, and reducing the 
effect of CO2-EOR[23]. 
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Furthermore, the distribution of fluids in rocks with different pore size distributions during the 
flooding process can vary greatly due to the heterogeneity of permeability between the thin layers [22,32]. 
Crude oil, water and CO2 are all affected, but CO2 is particularly affected because the concentration of 
CO2 is one of the key factors for CO2–oil–brine–rock interactions. Different flooding schemes can also 
increase this variation [30,33], which makes predicting damage to reservoirs and residual distribution more 
difficult, and as such these are also a focus of concern for oilfields. Consequently, the oil recovery 
performance, residual oil distribution and changes in physical properties in multilayer reservoirs 
undergoing different flooding schemes are worthy of further study. 
A large number of previous experiments have compared the effect of different CO2 flooding 
schemes on EOR and the residual oil [33-37], while others have studied asphaltene precipitation after 
different CO2 flooding schemes under different experimental conditions [38-42]. However, the mutual 
relationship between oil recovery, residual oil and permeability decline has rarely been studied in 
multilayer reservoirs for different flooding methods. The combined effect and difference between 
asphaltene precipitation and CO2–brine–rock interactions on damage to pore structure have been 
ignored in most past studies [26, 28, 38-42]. Unfortunately rock cores cannot be reused in multiple 
experiments under different conditions due to irreversible changes caused predominantly by CO2–
brine–rock interactions in rocks during flooding processes [43-44]. Previous studies using ‘matched’ initial 
core material used in comparative experiments have often been unsatisfactory. 
In this work, the oil recovery, residual oil and reservoir damage has been measured during CO2 
and CO2-WAG flooding of model heterogeneous multilayer sandstone reservoirs with variable 
permeability under miscible conditions. The MMP of the CO2−crude oil system was measured by 
applying an IFT test apparatus. Two groups of cores with similar physical properties were obtained by 
dividing three cores, and were used to simulate multilayer reservoirs. Full CO2 and CO2-WAG core-
flooding experiments were conducted on the multilayer systems at reservoir temperature (70±7°C) and 
pressure (18±1.5 MPa, >MMP). The post-flood oil RF, residual oil distribution and damage of inorganic 
and organic precipitation to permeability of each core in the multilayer systems were evaluated for each 
of the two flooding schemes. The different performances of the two flooding schemes have been 
analysed and discussed in detail based on the experimental results. 
Methodology 
Materials 
In this study, crude oil was collected from Changqing Oilfield, which is located in the Ordos Basin in 
western China (38o30’09”N, 108o50’37”E). The reservoir lies at a depth of 2100-2400 m and consists 
predominantly of low permeability sandstone. The crude oil used in the experiment was synthetic live 
oil (Table 1) that was prepared in the laboratory to match the composition of the produced oil. The 
composition of the crude oil was measured by using a high-temperature gas chromatograph apparatus 
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(Table 2). The content of n-C5 insoluble asphaltene of the crude oil was measured to be 1.32 wt% by 
using the standard ASTM D2007-03 method. In addition, the pressure at which asphaltene begins to 
precipitate in crude oil is 9.6 MPa at reservoir conditions, and the predicted relationship curves between 
asphaltene precipitation and the concentration of dissolved CO2 in crude oil, based on the Flory-
Huggins model, is shown in Figure 1[24].  
The formation water used in experiments was prepared according to the composition given in Table 
3. The brine was considered to consist predominantly of dissolved calcium chloride with a total 
dissolved solids (TDS) of 29520 mg/dm3. Ordinary distilled water and deuterium oxide were used to 
prepare two types of brine, ordinary brine and deuterium oxide brine. The purity of the CO2 used in this 
study was 99.99%, the solubility of CO2 in the crude oil is 58.7 mol% at 18 MPa and 70°C. 
Table 1. Basic physical properties of live oil. 
Items Live oil 
Density (g/cm3) 0.725±0.002 (70°C) 
Viscosity (cP) 3.88±0.05 (70°C) 
DGOR (m3/m3) 31.4 
Bubble point pressure (MPa) 7.52 
 











CO2 0.08 C9 6.46 C21 1.80 
N2 0.31 C10 5.70 C22 1.92 
C1 1.50 C11 4.86 C23 1.67 
C2 0.60 C12 4.21 C24 1.74 
C3 0.49 C13 4.28 C25 1.59 
iC4 0.25 C14 4.45 C26 1.56 
nC4 0.47 C15 3.88 C27 1.58 
iC5 1.18 C16 3.38 C28 1.48 
nC5 0.22 C17 3.08 C29 1.40 
C6 4.86 C18 2.93 C30+ 15.78 
C7 5.55 C19 2.38 Total 100 






Figure 1. Effect of CO2 on the amount of asphaltene deposition (wt%) at P=18 MPa and T=70 °C 
Table 3. Physicochemical properties of the reservoir brine. 
Item Value 
Density (g/cm3) 1.01 
Viscosity at 25°C 
(cP) 1.03 
pH 7.04 
K+ (mg/L) 296 
Na+ (mg/L) 3494 
Ca2+ (mg/L) 7134 
Mg2+ (mg/L) 48.2 




The core samples, numbered Y-1, Y-2, and Y-3 were taken from different thin production layers 
of the reservoir which had not been subjected to previous CO2-EOR operations. These cores are 
homogeneous sandstones and have different permeabilities, representing the average permeability of 
each layer. The cores were cleaned to remove organic and inorganic fluids and were measured to obtain 
porosity and permeability values by the high-pressure helium permeameter-porosimeter (TEMCO, lnc. 
Tulsa, OK, USA) after being dried, obtaining the average value of three measurements 
(uncertainties<0.3%). After that, each core was divided into two sections to obtain six cores of two 
groups, all with same length (Figure 2, Table 4).  
The mineral components (Table 5) of the cores were measured by X-ray diffraction (XRD, Model: 
D8 Focus, Bruker, MA, USA). All cores were completely saturated with ordinary brine under vacuum 
for 24 hours and were measured by NMR apparatus (Mini-MR, Niumag, China). The magnetic intensity, 
gradient value control precision, and frequency range of the NMR apparatus were 0.5 T, 0.025 T/m, 





































CO2 concentration in crude oil (mol% )
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magnetization of the hydrogen nuclei of the ordinary brine in all core pores were recorded to obtain the 
T2 spectra. Since the T2 value and corresponding signal amplitude represented the size and amount of 
pore space in which the hydrogen nuclei were located, the T2 spectra were converted into the pore size 
distribution of the cores [45] (Figure 6).  
Petrophysical test results have demonstrated that the two short cores from the same divided core 
have almost the same permeability, porosity and pore size distribution, which is considered to satisfy 
the premise of the same physical properties of the experimental materials before the experiments. 
 
Figure 2. Schematic of multilayer reservoir and core segmentation. 
 











Y1 6.75 0.589 10.67 2.523 
Y1-1 3.15 0.582 10.61 2.523 
Y1-2 3.12 0.593 10.68 2.523 
Y2 6.58 6.82 16.74 2.525 
Y2-1 3.1 6.78 16.69 2.525 
Y2-2 3.13 6.92 16.87 2.525 
Y3 6.84 63.2 19.91 2.522 
Y3-1 3.14 63.6 19.98 2.522 
Y3-2 3.13 64.1 19.85 2.522 
 

















Y1 33.5 16.3 31.2 6.5 2.2 6.8 3.5 
Y2 41.3 13.4 26.6 7.7 2.8 5.4 2.8 
Y3 30.4 18.5 36.2 5.1 1.8 4.9 3.1 
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The MMP Test  
In this study, the MMP of the crude oil–CO2 system was measured by using the vanishing interfacial 
tension (VIT) technique developed as an IFT-based experimental method [9-10] (Figure 3). In this method, 
the equilibrium IFTs between the crude oil and CO2 are measured accurately at various equilibrium 
pressures and at the reservoir temperature by applying the axisymmetric drop shape analysis (ADSA) 
technique for the pendant drop case. Subsequently, the MMP of the crude oil–CO2 system is obtained 
by linearly extrapolating the measured equilibrium IFT and pressure data to zero IFT.  
The apparatus comprises a high-pressure IFT cell (IFT-10, Temco, Fremont, CA, USA) with a 
maximum operating pressure and temperature of 69 MPa and 177°C, respectively. After heating the 
setup to the temperature of 70°C, CO2 was pumped into the optical cell to the designated pressure and 
the crude oil was injected into the optical cell to form oil droplets through a stainless steel syringe needle 
by a pump (260D, ISCO, Lincoln, NE, USA). The pendant drop remained two minutes at the tip of the 
syringe needle before dropping off when equilibrium was achieved. A microscope camera was used to 
capture a series of digital images of the oil pendants at different times and the shapes of the oil pendants 
were analyzed by software (FTA, First Ten Angstroms Portsmouth, VA, USA) based on ADSA to 
measure the dynamic IFT of oil drop and the CO2 phase. The IFT tests at different designated pressures 
were repeated three times and the measurement errors between different tests were less than ±0.5 mJ/m2. 
 
 
Figure 3. Schematic diagram of the apparatus used to measure the equilibrium IFT between CO2 
and crude oil at reservoir conditions. 
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The results are shown in Figure 4. The measured MMP value of the crude oil–CO2 system is 
16.8±0.3 MPa, indicating that the experimental pressure satisfied the minimum miscibility condition of 
crude oil and CO2. 
 
Figure 4. The measured IFT of the CO2-crude oil system at different equilibrium pressures 
at a reservoir condition temperature of 70°C. 
 
Core-flooding tests 
Figure 5 shows the schematic diagram of the multilayer and high-pressure core flooding apparatus used 
for CO2 and CO2-WAG flooding experiments in this study. Three core holders (Hongda, China; P=80 
MPa; T=130°C) were connected in parallel and positioned horizontally to simulate the multilayer 
reservoir. Deuterium oxide brine, live oil, and CO2 were contained separately in three tanks. All core 
holders and tanks were placed in the constant temperature oven (Hongda, China; T=150.0±0.1°C) with 
the temperature being regulated to within ±0.1°C by a three-term temperature controller.  
A dual ISCO syringe pump was used to displace brine, crude oil, and CO2 into the multilayer core 
system. Another pump was used to maintain confining pressure, while a third pump and three back 
pressure valves were used together to maintain and regulate the back pressure. A set of measuring 
devices were used to quantify the produced fluids (i.e., brine, oil, and gas) for each core separately. 
These devices included three mass flow meters and three gas-liquid separators. Pressure and flow data 
during the experiments were collected and logged automatically by computer. 
Range1: IFT = -1.105P + 18.58
(R² = 0.997) 2.11MPa<P<12.21MPa




































Figure 5. Schematic diagram of flooding experiments. 
 
The general procedure of the core flooding tests can be described briefly as follows. 
(1) The constant temperature oven core system was set to 70°C and maintained for 24 hours to ensure 
that all parts in the constant temperature oven were heated to 70°C. The cores Y1-1, Y2-1 Y3-1 were 
placed in the core holders after being cleaned and dried again. Each core was then continuously 
evacuated separately for 24 hours, followed by injection of the deuterium oxide brine into the core 
separately. Thereafter, the crude oil was pumped into each core to achieve the initial oil saturation (Soi) 
and the connate water saturation (Swc) separately. The injection in each core was terminated after 30 
HCPV of crude oil. After the continuous process of saturating the cores by oil, all core holders were 
left undisturbed for the whole day to attain a suitable equilibrium condition at the reservoir conditions. 
(2) A suite of NMR tests were carried out on each core. Since there were no hydrogen nuclei in the 
deuterium oxide brine, the measured NMR signal represents only those hydrogen nuclei in the crude 
oil, and consequently it is possible to obtain the distribution of the crude oil in each core (Figure 6, 
Table 6). All core holders were placed back in the constant temperature oven and left undisturbed for 
another 24 hours.  
(3) Both CO2 and deuterium oxide brine were injected with a constant flow rate of 0.02 cm3/min in a 
typical WAG process. Injection was made into the multilayer system from the same inlet, and the fluid 
production from the three different layers was collected and measured separately. The pressure at the 
outlet of the core holders was controlled at 18 MPa using the back pressure pump and back pressure 
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valve. The WAG plug size was 0.10 HCPV and the WAG slug ratio was 1:1. The WAG coreflood 
was stopped when no more oil was produced from the multilayer system. The injection and production 
pressures were continuously monitored and recorded during the entire flooding, as well as the volume 
of injection and production fluid. The cores in the core holder were tested by NMR again to obtain the 
distribution of the residual oil in each core. In addition, the asphaltene content and components of oil 
produced were measured after experiments. 
(4) The operation of (1)-(2) was conducted on the cores Y1-2, Y2-2 Y3-2, and CO2 was injected into 
the cores with the same flow rate (i.e., 0.02 cm3/min) and the same outlet pressure. The injection was 
stopped when no more oil was produced and the volume of injection CO2 reached the injection fluid 
volume of WAG flooding in Step (3). The distribution of the residual oil in each core was then 

























































Figure 6. NMR T2 spectrum of oil and brine distributions in cores before experiments. 
 











Y1-1 1.67 62.3 37.7 CO2-
WAG 
flooding 
Y2-1 2.59 67.1 32.9 
Y3-1 3.13 75.6 24.4 
Y1-2 1.67 60.2 39.8 
CO2 
flooding 
Y2-2 2.64 69.8 30.2 
Y3-2 3.10 78.9 21.1 
 
Post-flooding tests 
In order to obtain and distinguish the damage to petrophysical properties of cores caused by 
organic and inorganic interaction (CO2–brine–rock interactions), an improved core cleaning method 
was used to clean the cores after experiments. Since the asphaltene is soluble in aromatics but not in 
alkanes, other components in the crude oil can be thoroughly mixed with n-heptane[6,41], the cores were 
first cleaned by using a Soxhlet Extractor (SXT-02, Shanghai Pingxuan Scientific Instrument CO., 
Ltd., China) with n-heptane to remove the remaining fluid in the cores after flooding. Afterwards, the 
cores were dried and measured to obtain the gas permeability and porosity affected by the asphaltene 
precipitation and inorganic interactions together. Then the cores were cleaned with toluene + alcohol 
to remove the asphaltene, and then the cores were dried and were measured to obtain the porosity, 
permeability which were, at this stage, only affected by the inorganic interactions[24], each value is the 
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Results and Discussion 
CO2 and CO2-WAG flooding results 
Differential pressures 
The differential pressures measured between the injection and production of the multilayer 
system during flooding are showed in Figure 7. During CO2 flooding, the differential pressures 
increased at first and decreased subsequently, which is caused by the combined effects of the strong 
flow resistance of the two-phase flow at the beginning and the reduction of crude oil viscosity caused 
by CO2 dissolution [6]. Obvious CO2 breakthrough (BT) occurred in the high-permeability core. When 
there was no more crude oil produced, the differential pressures showed a slight upward trend. During 
CO2-WAG flooding the differential pressures were higher than that during CO2 flooding and the time 
of CO2 BT in the core was later. These two effects were associated with the three-phase flow and 
relatively high viscosity of water. A higher injection pressure is required in CO2-WAG flooding, but 







































Figure 8 and Table 7 show the cumulative gas production in the three cores and cumulative oil 
production in high permeability core during CO2 flooding (the medium and low permeability cores 
had less fluid production and the volume cannot be accurately measured). During the initial stage, the 
gas production rate was low. As more CO2 was injected, the gas production rate rose rapidly. When 
CO2 BT occurred in this core, the produced gas flow fluctuated. This is because the gas produced in 
the early stage is mainly the dissolved gas in the crude oil; later the injected CO2 is also discharged 
from the cores. However, the gas production rate in the middle permeability core was always low, and 
the cumulative gas production almost no longer increased after CO2 BT. In the low permeability core 
almost no fluid production was observed. It indicates that little CO2 entered the medium and low 
permeability cores. Therefore, the contribution of gas production in high-permeability cores decreased 
slowly and then rose, but was dominant during the flooding. The liquid produced by the multilayer 
system is almost entirely from the high permeability layer and the liquid produced is mainly oil.  
Figure 9 and Table 7 show the cumulative gas and liquid (oil and brine) production in three cores 
during CO2-WAG flooding. The values of cumulative gas production were so low for Y1 that they 
were below the noise threshold for the measurement devices, and have therefore been allocated a value 
of zero, the volume of liquid in the low permeability core cannot be accurately measured. Although 
the contribution rate of liquid and gas production of high permeability core was much higher than that 
of the other two cores, the medium permeability core still had obvious liquid and gas production, even 
after CO2 BT in the high permeability core. Moreover, relatively obvious CO2 BT had also occurred 
in the medium permeability core. The contribution rate of gas production in high-permeability cores 





































































Figure 9. Produced gas of each core during CO2-WAG flooding.  
 
Table 7. Collected liquid (oil + brine) of each core during flooding. 
 
PV 
Liquid volume (ml) 
 Y1 Y2 Y3 
CO2-WAG 
0.3 - - 1.3 
0.8 - 0.4 2.6 
CO2 
0.3 - - 1.1 
0.8 - - 1.2 
 
During CO2 flooding, the difference in the cumulative volume of gas production of each layer of 
the multilayer system is large, and CO2 BT exacerbates this difference [20]. However, the difference is 
smaller in the CO2-WAG flooding process, and the effect of CO2 BT on this difference is weaker than 
that during CO2 flooding. These observations can be attributed to the fact that WAG flooding 
effectively reduces the difference in capillary resistance in layers with different permeability, even 
after the CO2 BT [18]. In addition, high pressures increase the contribution of liquid and gas production 

































































The variations of components and asphalt in the produced oil are shown in Figure 10 and Table 
8, as the volume of oil collected from medium and low permeability cores was small, only the 
produced oil samples collected from high permeability cores were tested. 
 
Figure 10. Components of produced oil of the high permeability cores. 
 
Table 8. Asphalt in produced oil of the high permeability cores. 
Core number 
Asphaltene in oil (wt %) 
Initial oil produced oil 
Y3-1(CO2-WAG) 1.32 0.38 
Y3-2(CO2) 1.32 0.47 
 
The proportion of light components in the produced oil is higher than that of the original crude 
oil sample, especially in core Y3-1 after CO2-WAG flooding. The light-hydrocarbon extraction effect 
of CO2 on crude oil in cores during CO2-WAG flooding is stronger than that during CO2 flooding. 
Consequently, the produced oil from Y3-1 has lower asphalting content, and more asphaltene is 
retained in the core, which means that the asphaltene precipitation caused by the dissolution of CO2 
into the crude oil is more serious. This is attributed to the higher pressures in core Y3-1 CO2-WAG 
flooding. Higher pressures result in higher CO2 concentrations in crude oil during CO2-WAG flooding, 












































production oil of CO2 flooding
production oil of CO2-WAG flooding
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Residual oil distribution and oil recovery 
The distribution and proportion of residual oil in all cores after the flooding experiments are 
shown in Figure 11 and Table 9. The oil production from each core based on the distribution of residual 
oil is shown in Figure 12. 
The residual oil of the multilayer system is mainly distributed in the medium and low 
permeability cores after CO2 flooding, and there is also a relatively small proportion of residual oil in 
the small pores of the high permeability core. Correspondingly, the high permeability core has the 
highest oil RF and contribution percentage fraction (CPF, the fraction of oil produced by each core 
expressed as a percentage of total system oil production) of oil production, and the oil recovery of the 
multilayer system was determined by the high permeability core. The oil RF of the entire system was 
very low, 27.64%. This finding is caused mainly by the heterogeneity of the reservoir and the fingering 
effect in the high permeability core, which results from differences in capillary resistance in different 
cores and leads to premature CO2 BT [46]. Hence, a large amount of CO2 injected into the multilayer 
system flowed out through the CO2 channel in the high-permeability core, and in doing so did not 
contribute to the production of hydrocarbons and is consequently associated with a low efficiency of 
CO2 flooding. 
However, for CO2-WAG flooding, the residual oil was less than that in the corresponding core 
after CO2 flooding, and the difference in the proportion of residual oil between the high permeability 
core and the other two cores was also smaller. Therefore, medium and low permeability cores had 
relatively higher oil RF and CPF of oil production than CO2 flooding, as well as the higher oil RF of 
the entire system, 44.49%. It is worth noting that the recovery coefficients of high, medium and low 
permeability cores after CO2-WAG flooding were 22.26%, 16.45% and 6.37% higher than that after 
CO2 flooding, respectively, oil displacement efficiency of CO2-WAG showed the greatest improvement 
in high permeability core. Furthermore, for the cores with same permeability, during CO2-WAG 
flooding the core had the lower size cut-off of pores in which oil can be driven out, and the high 
permeability core had the lowest cut-off point among the six cores. In high permeability core, due to 
higher pressure and suppression of gas channel by the way of CO2-WAG, the injected fluid can enter 
or dissolve in the crude oil in the smaller pores, increasing the sweep volume and oil displacement 
efficiency in the cores. In addition, a part of the fluid enters and the medium and low permeability cores 
under a higher differential pressure, the oil displacement effect of the injected fluid on these cores is 
also improved [13, 18]. In general, CO2-WAG flooding not only improves the oil displacement effect of 
each layer, especially the high permeability layer, but also weakens the impact of multilayer system 

























































































Pore radius (μm) 
10 1 0.1 0.01 0.001 100 
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Table 9. The proportion of residual oil in each core after the flooding experiments. 
 Proportion of residual oil (%) 
 Y1 Y2 Y3 entire system 
CO2-WAG 91.66 77.78 23.14 55.51 
CO2 98.03 94.22 45.40 72.36 
 
 
Figure 12. The oil production of each core calculated based on distribution of residual oil after 
experiments. 
 
Permeability damage  
The changes in permeability and porosity of the cores due to both types of core flooding can be 
obtained by comparing permeability porosity measurements before and after the flooding 
experiments, as shown in Table 10. The permeability of all cores showed a decline, but to different 
extents. In the same group of flooding experiments, the trend of permeability decline was found to 
depend upon the initial permeability of the core; the greater the initial permeability of the core, the 
greater the decrease of permeability. In all cases WAG flooding led to a greater decrease in 
permeability than simple CO2 flooding. The decrease in porosity was much less dramatic for all cores 











































































Total oil RF CO2-WAG 
(44.49%)






















Y1-1 0.58 0.54 6.87 10.61 10.26 3.30 
Y2-1 6.78 5.64 16.81 16.69 16.21 2.88 
Y3-1 63.6 44.9 29.40 19.98 19.21 3.85 
CO2 
Y1-2 0.59 0.58 1.85 10.68 10.57 1.03 
Y2-2 6.92 6.48 6.36 16.87 16.42 2.67 
Y3-2 64.1 53.8 16.07 19.85 19.43 2.12 
kb, core permeability before flooding ka, core permeability after flooding 1-ka/kb,permeability decline 
b, core porosity before flooding  a, core porosity after flooding  1-a/b, porosity decline 
 
The significant decreases in permeability and slight decreases in porosity of cores are attributed to changes 
in the microstructure of pores and throats in rocks caused by migration of particles due to organic deposition and 
CO2-brine-rock interaction [23-24]. When CO2 is injected into cores and the concentration in the crude oil reaches 
19.6 mol% (in this work), the asphaltenes begin to precipitate from the crude oil and aggregate to become 
asphaltene particles. The size of the particles produced by asphaltene flocculation is reported to be distributed at 
0.1-10 μm [47,48].These asphaltene particles are adsorbed on the pore wall of the rock or are captured at the throats 
during the process of migration with fluid in cores [26,49-51]. Moreover, CO2-brine-rock interactions lead to 
dissolution of carbonate minerals and destruction of clay mineral structure in rocks. Metal carbonate precipitation 
occurs due to changes in pH and the concentration of metal ions (i.e., Ca2+, Mg2+, Fe2+) in the fluid of the cores 
(Equations 1-3), and additional clay particles are released caused by structural instability [29-30]. It has been reported 
that low-permeability sandstones undergo CO2 flooding and CO2-WAG flooding, and the concentration of 
suspended solid particles in the produced brine ranges from 0 to 6720 mg/L with an average size of 1049.7 nm 
[24].Three of the most common carbonate minerals formed in pores and capable of blocking pore throats 
are given by the equations 
CO2 + H2O + CaCO3⇌ Ca(HCO3)2,    （1） 
CO2 + H2O + MgCO3⇌ Mg(HCO3)2,   （2） 
CO2 + H2O + FeCO3⇌ Fe(HCO3)2.    （3） 
Since the size distribution of particles overlaps with the pore size distribution of rocks, when the 
asphaltene particles, metal hydrogen carbonate particles and clay particles migrate in rocks, particles 
that are much smaller in size than the pore throats are likely to be adsorbed to the pore surfaces, 
particles that are large in size than the pore throats are likely to be trapped at the throats [24]. The 
migration of these particles cause blockages in the pores and throats of the rocks during the flooding 
process, as shown in Figure 13. Blockage or partial blockage of flow pathways may have little effect 
on rock porosity but can reduce permeability significantly because permeability is a vector 





Figure 13. Schematic diagram of the pore spaces and throats blocked by particles. 
 
Since the cores with different permeability were flooded in parallel, the volume of fluid injected 
into the cores with high permeability was larger than that of the cores with lower permeability, which 
means that the crude oil and the minerals in the cores are in contact with more injected fluids and the 
interactions are more complete, producing more organic and inorganic precipitates and movable clay 
particles. Furthermore, as a larger volume of fluid flows through the core, which means a more 
adequate and more powerful particle migration, the particles carried by the fluid have a higher 
probability of being captured at the throats, enhancing the filtration of particles in the fluid by the 
porous medium [53-54]. Consequently, more blockages at throats result in a greater decrease in 
permeability for those cores with large permeability. However, those cores with lower permeability 
used in this work have smaller average sizes of pores and throats, and the changes in permeability are 
more sensitive to blockages caused by precipitation and clay particles. The ratios of the decrease in 
permeability of three cores were 1:3.4:8.7 and 1:2.4:4.3 for CO2 and WAG flooding, respectively 
(Figure 14)., which are both much smaller than the ratios of the initial permeability (1:11.6:108). In 
other words the high permeability initial material had a permeability 108 times higher than the low 
permeability initial material, which means much more serious blockage in the pores of high 
permeability core due to the much larger volume of fluid flowing through during flooding, but once 
CO2 flooding have been completed the high permeability material only had a permeability decline 8.7 
times larger than the low permeability material, and after WAG flooding the permeability decline of 
high permeability material was 4.3 times larger than that of the low permeability material. The effect 
of difference in volume of injected fluid caused by the initial permeability on the difference in 





Figure 14. Permeability decline ratio and initial permeability ratio between cores. Symbols: KR, 
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In addition, the permeability decrease of cores after CO2 flooding was less than that of the 
corresponding core after CO2-WAG flooding. The injection of CO2-WAG combines the improved 
volumetric sweep efficiency of water flooding and the enhanced microscopic displacement efficiency 
of CO2 flooding. The injected CO2 and crude oil become miscible, making crude oil easy to be 
displaced. The injected brine can quickly increase and maintain the pressure (above the MMP) so as 
to effectively control the mobility of the injected CO2 by reducing its relative permeability, which also 
strengthens the dissolution of CO2 in crude oil [38, 42]. The effects of these displacement characteristics 
on the generation and migration of organic and inorganic particles can be attributed to three factors 
during CO2-WAG flooding, higher injection pressure, larger sweep volume of the injected fluid and 
stronger power of particle migration during CO2-WAG flooding. At higher pressures, CO2 
concentration dissolved in oil or brine in the cores is higher,  crude oil dissolved with more CO2 causes 
more asphaltenes to deposit, brine dissolved with more CO2 makes CO2-brine-rock interactions more 
complete, resulting in more organic and inorganic precipitation in pores. The larger sweep volume 
means that production of movable organic and inorganic particles in more numerous and smaller pores 
and pore throats. Greater displacement power due to higher pressure, higher viscosity of water 




























































































fully migrated with the fluid, and the pressure fluctuation generated during the switch of CO2-brine 
injection exacerbates the migration and blockage of particles. Furthermore, the difference in the 
permeability decreases of the three cores after WAG flooding is smaller than that after CO2 flooding, 
which can be attributed to relatively more CO2 injected into the cores with lower permeability during 
CO2-WAG flooding. This reason also leads to a large difference in permeability decrease between low 
permeability cores (Y1-1,Y1-2) after different flooding methods (Figure 14), but the difference in 
permeability decrease caused by flooding methods is smaller in high permeability cores (Y3-1,Y3-2). 
This is because in both flooding methods, the cores with high permeability are always the main flow 
channel for the injected fluid relative to the cores with lower permeability, and CO2-WAG only 
improves this difference.  
Figure 15 shows that the permeability decline due to asphaltene precipitation during the CO2 
flooding is dominant, namely around 95%. Since the connate water is distributed in the smallest pores 
or covers the surface of the minerals in the form of a water film [37], the injected CO2 finds it difficult 
to come into contact with the brine and minerals, and CO2-brine-rock interactions have little effect on 
the permeability decline. In CO2-WAG flooding, the permeability decline caused by the CO2-brine-
rock interactions is significantly higher than that in CO2 flooding, and as the initial permeability 
increases, the ratio of the permeability decline caused by asphaltene precipitation to the total 
permeability decline decreases. This is because more crude oil is displaced from the cores, especially 
from the cores with high permeability, and the pervasive distribution of brine and CO2 during the 






















































Figure 15. Permeability decline of cores after flooding experiments. Symbols: O, permeability 
decline due to organic precipitation (asphaltene); I, permeability decline due to inorganic interactions. 
 
However, despite this, the absolute value of permeability decline caused by asphaltene 
precipitation in all cores after CO2-WAG flooding is still higher than that after CO2 flooding. Besides 
the higher pressure, the distribution of fluid during flooding is also a key factor. As the non-wetting 
phase CO2 exists mainly in large pores, and injected CO2 does not come into contact with the crude 
oil in the smaller pores, and hence does not cause asphaltene precipitation in these pores during CO2 
flooding. After CO2 BT in the high permeability core, most of the CO2 flows through the gas channel(s) 
which have formed from the input face of the core to the output face. While flowing through these 
channels the CO2 interact with little oil and so the probability of asphaltene precipitation is generally 
small, and asphaltene precipitation in small pores away from the main gas channels will not occur. In 
CO2-WAG flooding there is an inhibitory effect on the formation of gas channels even after CO2 BT, 
which results in a greater opportunity for CO2 to find itself in contact with crude oil in both the larger 
and smaller pores in the rock, resulting in asphaltene precipitation in a wider range of pores. 
In summary, damage of organic precipitation and inorganic interaction to core permeability are 
controlled by pore size distribution, displacement fluid volume and fluid distribution during flooding, 
and the three factors are related to initial permeability and flooding methods. 
 
Conclusion 
In this paper, the MMP of the CO2-crude oil system and petrophysical properties of two groups 
of cores were measured. Core flooding experiments using CO2 and CO2-WAG schemes were carried 
out on multilayer/multi permeability system with very similar physical properties under miscible 
conditions. After CO2 and CO2-WAG flooding, the fluid production and residual oil distribution for 
each layer in the multilayer system were evaluated, and the damage to the permeability of the organic 
and inorganic interactions of CO2–oil–brine–rock was compared. Based on the experimental results, 
the following conclusions can be drawn. 
During CO2 flooding, the average injection pressure is lower, and only the high permeability 
layer has obvious CO2 BT. The use of CO2-WAG can delay the occurrences of CO2 BT, and more 
asphaltene is precipitated from the crude oil in the rock during CO2-WAG flooding, but the extraction 
effect of CO2 on crude oil is weaker than that during CO2 flooding in the high permeability layer. 
Due to different capillary resistance, the oil and gas production of the whole system are almost 
exclusively from the high-permeability layer, with the medium and low permeability layer having 
extremely low oil RFs after CO2 flooding. The CO2-WAG core floods showed a higher oil 
25 
 
displacement efficiency and an ability to reduce the impact of interlayer heterogeneity, improving the 
contribution rate of oil and gas production in medium and low permeability layers.  
Since the high-permeability layer acts as the main CO2 channel, only the permeability of the high-
permeability layer decreases clearly after CO2 flooding, and the permeability reduction is mainly 
caused by asphaltene precipitation. The CO2-WAG core flooding can effectively control the gas 
channel in the high permeability layer, the permeability of each layer after CO2-WAG flooding 
decreases more than that in the corresponding layer after CO2 flooding. Moreover, the decrease in 
permeability caused by CO2–brine–rock interactions cannot be ignored, which is more obvious in the 
layer with high permeability. 
Overall, it is possible to say that CO2-WAG flooding has advantages in crude oil recovery 
performance in heterogeneous multilayer systems, but requires higher injection pressures and results 
in more severe damage to reservoir permeability than CO2 flooding. 
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